The surfaces of wool fibers are modified with N-doped TiO2 nanoparticles by treating the fibers with tetrabutyl titanate and ammonium chloride under low temperature hydrothermal conditions to obtain wool fibers with photocatalytic functions in the visible light spectrum. The effects of nitrogen and sulfur in amino acids in keratin on the photocatalytic activity of TiO2 particle coated wool fibers are investigated. Changes of various fiber properties such as tensile strength, surface friction, photocatalytic activity, and self-cleaning performance of untreated, TiO2-coated and N-doped TiO2-coated wool fibers are studied. It is found that N-doped anatase TiO2 nanoparticles with an average grain size of 11.2 nm are synthesized and simultaneously grafted onto the wool fibers. After treatments, the crystallization index of the wool fibers is slightly reduced. The capability to protect against ultraviolet radiation is much enhanced. The performances of photocatalytic degradation of methylene blue dye and self-cleaning of red wine under both UV and visible light irradiation are endowed. It is also found that wool fibers coated with TiO2 particles without being doped by nitrogen still have apparent photocatalytic reactions and self-cleaning effects under visible light irradiation due to the formation of C-Ti 3+ , O-Ti 3+ , and N-Ti 3+ bonds between TiO2 and wool keratin on the wool fiber surfaces. Thus wool fabrics might not need to be coated with N-doped TiO2 nanoparticles to realize its self-cleaning effect under visible light. Such important conclusions would provide wool materials with wide applications in clothing and 3 technical products such as wastewater treatment.
Introduction
Titanium dioxide (TiO2) loaded textile structures are very attractive not only in functional clothing and home textiles, but also in technical textile applications. One of the typical potential applications of TiO2 loaded textile structure in technical textiles might be its use in the treatment of pollution effluents. While photocatalytic mineralization of organic pollutants by using photocatalyst TiO2 particles is effective to reduce water and air pollutions, the post-treatment removal of TiO2 in either wastewater slurries or air effluent through filtration and re-suspension processes can be a time consuming and costly process [1, 2] . The solution of this problem is to immobilize photocatalyst TiO2 particles on a porous substrate such as fibrous structures, to facilitate the practical application of the photocatalytic wastewater treatment process [3] . Wool fibers are of particular interests in both functional clothing and wastewater treatment substrates. On one hand, wool clothing is notorious for its dimensional stability after scouring and many efforts are made in achieving easy-care wool fabrics, and thus a TiO2 treated and scouring-free wool fabric is long desired. On the other hand, wool fibers are proved an effective keratin substrate to absorb and adsorb organic pollutants and heavy metal ions from waste effluents. Therefore, a visible-light-induced self-decontamination wool fabric has become our research interests.
However, the photocatalytic activities of the TiO2 nanoparticles treated fabrics mentioned above only function in UV light but not in the visible light spectrum. There are two routes to expand the photocatalytic activities of the TiO2 nanoparticles into visible light spectrum. One is to lower the unoccupied molecular orbital level of the conduction band by ion implantation of metallic elements into TiO2 nanoparticles and the other is to raise the occupied molecular orbital level of the valence band (usually by using organic photosynthesizing dyes or pigments) [4] . The photosynthesizing dyes have the capability of absorbing photons from visible light in a conventional TiO2 thin film, and then transfer them to TiO2, thus creating electricity [5] .
Pelaez et al. [6] and Daghrir et al. [7] have systematically reviewed the development of the visible light active TiO2 synthesized by different strategies, including non metal doping (boron, nitrogen, carbon, fluorine, sulfur, etc), noble metal and transition metal doping, dye sensitization, and coupling semiconductors. However, only modest progress in increasing the photocatalytic activity have been made from those efforts because the increased absorption of visible light cannot be straightforwardly related to the reaction rate and the foreign species often work as recombination centers for the photogenerated electron/hole pairs [8] .
When doping of TiO2 with nitrogen, the origin of the photoresponse at higher wavelengths is the mixing of the 2p nitrogen level with the oxygen 2p orbital to form the valence band, which results in a lower band gap resulting in visible light absorption [9] . The element nitrogen can be easily incorporated into the TiO2 structure either in the bulk or as a surface dopant because of its comparable atomic size with oxygen, small ionization energy, and high stability [10] . PL analysis confirms that nitrogen atoms in substitutional sites enhance the photocatalysis of TiO2 under visible light more effectively than nitrogen atoms in interstitial sites [11] . Substitution of N in place of oxygen in the TiO2 lattice causes a decrease in oxygen vacancies which inhibits the recombination of electron-hole pairs [12] . However, N doping of TiO2 can enhance the formation of surface oxygen vacancies [13] . The orbit of doped nitrogen is not responsible for modifying the electron structure of TiO2 but some local unusual structures forming when the N-doping process generates the visible-light activity, such as crystal defects or distortion [14] .
Nitrogen and other elements co-doped TiO2 have also been widely investigated. In nitrogen co-doped TiO2, the interstitial nitrogen doping sites rather than substitutional sites seem to improve the photocatalytic activity of TiO2 because of the better charge separation [15] .
Moreover, the synergic effect of substitutional and interstitial nitrogen sites are more efficient to improve the electrochemical photoactivity of TiO2 due to the good light absorption, charge transfer in substitutional doping, and the good charge separation induced by the interstitial nitrogen doping [16] . Results indicate that the increased photocatalytic activity of the V-N co-doped TiO2 can be attributed to the synergistic effects caused by V and N that increase the visible light absorption and simultaneously act as electron and hole trapping sites thus decreasing the rate of charge recombination [17] . The visible light photocatalytic activity of N-S co-doped TiO2 is not only influenced by the value of energy gap, the distribution of impurity state, but also depends on the property of impurity state, the location of Fermi level and the energy in the edge of band gap [18] . Examples to achieve visible light photocatalytic functions in TiO2 coated textile fabrics are also reported. Wool fabrics are treated with citric acid as a cross-linking agent and with TiO2/Ag nanocomposites, in which the lowest unoccupied molecular orbital level of Ti 3+ is lowered by ion implantation of Ag elements into TiO2 nanoparticles, to achieve superior self-cleaning properties [19] . A significantly improved visible-light-induced self-cleaning effect can be achieved in cotton fabrics by using N-doped TiO2 nanoparticles together with AgI particles coating [3] .
Unlike cotton fiber, wool fibers are composed of keratin protein and are often not stable in both UV and visible light irradiation [20] . While surface gratification of TiO2 clusters on wool fibers has been realized mainly by the sol-gel process [21, 22] and nanocrystalline TiO2 is found to act primarily as a UV absorber in dry conditions [20] and as a UV photocatalyst in wet conditions [23] , there is hardly any research done to achieve visible-light-induced self-cleaning effect in wool fabrics and little is known if nitrogen or sulfur element in amino acids of keratin wool fibers would affect such visible-light-induced photochemical reactions in TiO2 coated wool fibers. In addition, TiO2 nanoparticles are required to be securely bound into the surface of targeted wool fibers in order to increase the durability of the desired photochemical properties and not to release nanoparticles into surrounding environment to meet ecological requirements, also the mechanical properties of the wool fibers need to be maintained.
In this study, wool fibers coated with nitrogen doped TiO2 nanoparticles are achieved by using tetrabutyl titanate as the precursor and ammonium chloride as the doping agent under low temperature hydrothermal conditions, in order to increase its photocatalytic activity of TiO2 nanoparticles under visible light irradiation. The functions of N-doped TiO2 particles and pure TiO2 particles coated wool fibers are compared with each other to find out if nitrogen or sulfur element in amino acids in wool fibers would play a role in self-cleaning effect in TiO2 coated wool fibers. The differences between the tensile properties, friction coefficient, photocatalytic activity, and self-cleaning capability of both pure TiO2 particles and N-doped TiO2 particles coated wool fibers are investigated. The changes of the surface morphology, phase structure, chemical structure, composition, thermal behavior, and optical properties of the wool fibers before and after treatments are investigated to establish an understanding of the photochemistry mechanism of TiO2 treated wool fibers.
Experimental section

Materials
The merino wool fibers with an average diameter of 20 m and nonionic surfactant W900 were obtained from the local textile mill. The reagent-grade chemicals used include tetrabutyl titanate (Ti(OC4H9)4), ammonium chloride (NH4Cl), methylene blue (MB), acetone, and anhydrous ethanol. Deionized water was used throughout this study.
Modification of wool fibers with TiO2 and N-doped TiO2 nanoparticles
About 3.0 g of wool fibers was immersed in 200 ml of mixed solution containing 2.0 g/l of sodium carbonate and 0.5% of nonionic surfactant W900 at 50°C for 15 min, and subsequently treated with a 100 ml of acetone and anhydrous ethanol solution at 50°C for 10 min, respectively, and then washed thrice in deionized water at room temperature for 10 min and dried at 60°C for 8 h. About 0.5 ml of tetrabutyl titanate was added dropwise into 10 ml of ethanol solution under vigorous stirring at room temperature. The solution was then diluted with 70 ml of deionized water and 8.0 g of ammonium chloride was added into. About 0.5 g of pretreated wool fibers were dipped in the above suspension for 10 min, and then transferred to a 100 ml PTFE-lined stainless steel autoclave. Six same autoclaves were simultaneously prepared according to the above method, which were placed in a furnace and run at a speed of 10 r/min. The temperature was raised to 110°C at a heating rate of 2.0°C/min. After 2 h, the as-prepared wool fibers were taken out and successively washed with acetone, anhydrous ethanol, and deionized water at 50°C for 10 min, respectively, and finally dried at 60°C. The resultant precipitate was centrifuged after discarding the upper solution, and successively washed with acetone, anhydrous ethanol, and deionized water, and finally dried in an oven at 120°C for 10 h. For comparative analysis, the wool fibers were also treated with Ti(OC4H9)4
without NH4Cl based on the above described procedure.
Characterization and measurement
The morphology, structure, composition, thermal behavior, and optical properties of the wool fiber samples before and after treatments were characterized by using field emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), thermal gravimetric (TG)
analysis, differential scanning calorimetry (DSC), diffuse reflectance spectroscopy (DRS), and photoluminescence (PL) spectroscopy techniques, respectively. The fiber tensile properties were tested by using a standard electromechanical apparatus. The fiber surface friction properties were measured by using a standard single fiber friction measurement device. The photocatalytic activity was performed by monitoring the discoloration of MB dye. The details of the above characterization methods are provided in the Supporting Information S1 of this paper.
The self-cleaning performance of the wool fiber samples was assessed by the discoloration of red wine. A bunch of wool fibers was tied onto a slide glass and about 2 ml of red wine was dropped onto one end of wool padding. After 3 min of absorption of red wine, the wool padding was irradiated with a 1500W Xenon arc lamp which produces UV and visible light irradiation at a distance of 10 cm. The intensities are 5.4 mW·cm -2 for UV irradiation and 1.55×10 5 lux for visible light irradiation, respectively. The color changes of the red wine absorbed into the wool padding were monitored by comparing the images taken before and after 84 h of irradiation by using a Samsung ST700 digital camera.
Results and discussion
TiO2 particles have been used as a delustrant and UV blocker in synthetic fibers for years due to its good reflective properties and UV absorption ability. But in wool fibers, there is possibilities for reactive oxygen species (superoxide radical anions O2 ·-, hydroxyl radicals ·OH, and hydrogen peroxide) forming by the interaction between UV radiation and TiO2 in the surface of wool fibers to ultimately degrade disulfide bond and produce unwanted yellow photoproducts. In this section, the morphology, chemistry composition, and surface properties of wool fibers coated with TiO2 and N-doped TiO2 nanoparticles in hydrothermal process are examined and discussed.
Tensile properties
The results of the tensile testing of the untreated, TiO2 coated and N-doped TiO2 coated wool fibers before and after irradiation are listed in the Supporting Information S2 (see Table S1 ). It is found that after treatment with Ti(OC4H9)4, the average tenacity and elongation of wool fibers decrease slightly from 219 MPa to 200 MPa and from 25.5% to 22.3%, respectively.
After being added with NH4Cl, the average tenacity has almost no further change (202 MPa) and the average elongation increases slightly (25.0%). This seems that the detrimental effect on the tensile properties of wool fibers is due to the hot and high pressure water together with chemical agents.
It is also noticed that, with the increases of the irradiation time, the average tenacity and elongation of the untreated wool fibers gradually decrease. After 500 h of continuous irradiation, the average tenacity and elongation decrease by 13.7% and 25.6%, respectively.
However, for both TiO2 coated and N-doped TiO2 coated wool fibers, the average tenacity decreases with the increase of the irradiation time at first, and then levels off beyond 250 h.
The average elongation gradually decreases with increasing irradiation time. The average tenacity decreases about 17% for the TiO2 coated and N-doped TiO2 coated wool fibers after being irradiated for 500 h. The decrease of the average elongation of the TiO2 coated wool fibers (43%) is greater than that of the N-doped TiO2 coated wool fibers (39%). Therefore, it is evident that TiO2 coating on wool regardless of N-doped will accelerate the photo-degradation process of wool fibers to some degree. Besides the photodegradation of wool fibers, it is guessed that the increased light absorption of the TiO2 coated and N-doped TiO2 coated wool fibers generates the electron-hole pairs and further forms the active groups [8] , which can destroy the structure of wool fibers under UV and visible light irradiation. This is a very interesting phenomenon that TiO2 coated wool fibers have the similar photocatalytic reaction to that of N-doped TiO2 under UV and visible light irradiation. However, because there is not much decrease of wool tensile strength, the photocatalytic reaction site is probably limited to the surface layer of wool fibers. The mechanism of action will be studied in the future work.
Friction properties
The results of the friction testing of the wool fibers before and after treatments are listed in the Supporting Information S3 (see Table S2 ). After treatment with Ti(OC4H9)4 and NH4Cl, as the N-doped TiO2 nanoparticles are immobilized onto the wool fibers, resulting in the surface morphological changes of wool fibers (became coarse), the static and dynamic friction coefficients of the wool fibers (against-scale and with-scale) increase to some extent. However, the differential frictional coefficients are reduced from 28.0% to 22.7% for static friction testing and reduced from 12.5% to 11.8% for dynamic friction testing, respectively. Because felting effect of wool fibers are determined by directional frictional effect, the smaller the differential frictional coefficient is, the less felting effect the wool fiber has [41] . It is thus anticipated that the felting phenomenon of the N-doped TiO2 coated wool fibers will be alleviated during wet processing including laundering and scouring owing to a reduction of these frictional difference ( a − w). Compared with the N-doped TiO2 coated wool fibers, the static and dynamic friction coefficients of the TiO2 coated wool fibers change little. Thus the nitrogen doping has no effects on the friction properties of the TiO2 coated wool fibers.
Surface morphology
The FESEM images of the wool fibers before and after treatments are shown in the Supporting Information S4 (see Figure S1 ). It is seen that the surface of the untreated wool fibers is very clean without any substances on. After being modified with Ti(OC4H9)4 and NH4Cl, a thin layer of materials is uniformly coated on the surface of the N-doped TiO2 coated wool fibers.
Meanwhile, some large granules in micrometer scale adhere onto the fiber surfaces due to the agglomeration of nanoparticles. As illustrated in the high resolution FESEM image, such nanoscale particles with a diameter around 100 nm are tightly anchored to the substrate of the wool fibers. In addition, there is no distinct difference in the surfaces of the TiO2 coated and N-doped TiO2 coated wool fibers. The high pressure and hot water are believed to have facilitated the binding of colloidal nanoparticles to the wool fibers.
Thermal properties
The TG and DSC curves of wool fibers before and after treatments are shown in Figure 1 , and the results of TG analysis of wool fibers are listed in the Supporting Information S5 (see Table   S3 ). It is evident from the TG curves that the onset and endset decomposition temperatures of wool fibers decrease from 263.3°C and 381.0°C to 259.7°C and 370.7°C after being treated with Ti(OC4H9)4, respectively. The lost mass increases from 63.3% to 67.0% at a temperature of 550°C. After treatment with Ti(OC4H9)4 and NH4Cl, the onset and endset decomposition temperatures of the N-doped TiO2 coated wool fibers decrease to 261.9°C and 372.8°C, respectively. The corresponding lost mass is 70.7%.
It is clear from the DSC curves that the initial endothermic peak increases from 81.2°C in untreated wool fibers to 85.1°C in the TiO2 coated wool fibers, which is ascribed to the removal of surface absorbed water or the residual water molecules caused by TiO2 coating. The major endothermic peak at 277.4°C decreases to 273.9°C. That is attributed to the decomposition of both polypeptide and amino acid as well as the incorporation of TiO2 nanoparticles. The initial endothermic peak of the N-doped TiO2 coated wool fibers further decreases to 80.7°C, whereas its major endothermal peak increases to 296.0°C. Obviously, such change in thermal stability of the N-doped TiO2 coated wool fibers is mainly due to the doping of N into TiO2. Therefore, the hydrothermal treatment has a little effect on the thermal properties of wool fibers.
XRD analysis
The XRD patterns of the wool fibers before and after treatments as well as the remaining particles are shown in Figure 2 Therefore, the crystalline structure of the as-synthesized particles by using Ti(OC4H9)4 and NH4Cl can be indexed to the anatase TiO2 doped with nitrogen. The average crystallite sizes of the remaining particles in the processing liquid are determined to be 9.6 nm for the TiO2 particles and 11.2 nm for the N-doped TiO2 particles by measuring the FWHM of (101), (004), and (200) reflections and using Scherrer's equation, respectively. Combined with the FESEM observation, the cluster of 100 nm particles is mainly caused by growth of the smaller particles near the surface of wool fibers due to the continuous deposition of small particles.
FT-IR analysis
The FT-IR spectra of the wool fibers before and after treatments as well as the as-obtained nanoparticles are shown in Figure 3 . Compared with the spectrum of the untreated wool fibers, the O-H band of the TiO2 coated wool fibers shifts from 3425 to 3443 cm -1 . This is ascribed to the surface absorbed water induced by the TiO2 coating [25] , which might make the TiO2 coated fiber generate much stronger oxidative free radicals than those of untreated one [26] . 
XPS analysis
To study the bonding mechanism between TiO2 nanoparticles and wool fibers, the survey spectra and core level single spectra of the bonding partners (C1s, O1s, S2p, N1s, and Ti2p) of the wool fibers before and after treatments are shown in the Supporting Information S6 (see Figure   S2 ). The quantitative XPS data are listed in the Supporting Information S7 (see Table S4 ).
It is noticed that the element of titanium appears in the TiO2 coated and N-doped TiO2 Table S4 . While it is known that titanium trivalent (Ti 3+ ) on the surface of TiO2 particles is very reactive [41] and plays an essential role in photocatalytic process over TiO2 photocatalyst [42] , and that it can be generated by using UV irradiation and thermal annealing on the surface of anatase TiO2 particles, we thus propose that the stable bonding between TiO2 particles and wool fibers are C-Ti 4+ , S-Ti 4+ (Ti 2+ ), O-Ti 4+ , and N-Ti 4+ , and the reaction mechanism between TiO2 nanoparticles and wool fibers is summarized in Figure 4 .
DRS analysis
The diffuse reflectance spectra of the untreated, TiO2 coated and N-doped TiO2 coated wool fiber samples in the wavelength range of 200-800 nm are shown in Figure 5 .
In comparison with untreated wool samples, it is noted that the reflectance of the TiO2 coated fiber samples decreases in the UV region (200nm~400nm) and increases significantly in the visible light region (450nm~800nm); and that such decrease of the reflectance in the UV region in N-doped TiO2 coated wool fiber samples is relatively small but the increase of the reflectance in the visible light region (450nm~800nm) is still significant. This increase of the reflectance in the visible light region is a band gap narrowing effect which might be due to N2p
and S2p states mixing with O2p states in N-doped TiO2 coated fibers, as it is known that the substitutional doping of nitrogen into the TiO2 lattice causes a shift of the absorption edge towards the visible spectral region [9] . With the increase of the substitutional nitrogen sites in the TiO2 lattice, the UV activity decreases but not the visible light photoactivity [16] . The photocatalytic activity of the N-doped TiO2 coated wool fibers is thus enhanced in visible region but weakened in UV region because of the N doping.
However, there is hardly any existing theory that can explain why TiO2 coated wool samples (without N-doping) has such a significant decrease of reflectance in UV band and increase in visible light band. We suspect that such decrease of reflectance in UV band is due to the role of existing C, O, and N elements existing in keratin protein, which forms a certain amount of C-Ti 3+ , O-Ti 3+ and N-Ti 3+ bands with TiO2 as indicated in XPS analysis and thus promote photocatalytic activities in the TiO2 coated wool fibers [28, 38, 43] . The increase of the reflectance in visible light region is mainly due to the increase of the whiteness of TiO2 coated wool fibers.
It is also shown that, in comparison with the average reflectance of wool fibers coated with pure TiO2, the average reflectance of the wool fibers coated with N-doped TiO2 is about 1.3%
smaller in the UV waveband and about 5.0% greater in the visible band. This might be due to the fact that the amount of TiO2 applied onto wool fibers in N-doped TiO2 coated wool is much smaller than that in pure TiO2 coated wool, as indicated in XPS results.
The effect of such small differences in the average diffuse reflectance on the photocatalysis and self-cleaning performance between TiO2 coated and N-doped TiO2 coated wool fibers will be investigated further in next few sections.
PL analysis
The PL spectra of the wool fibers before and after treatments are shown in the Supporting Information S8 (see Figure S3 ). It is known that the PL spectrum of TiO2 is related to its transfer behavior of photo-induced electrons and holes (TiO6 octahedra and oxygen vacancies), reflecting the separation and recombination of charge carriers [44] . For the TiO2 coated wool fibers, a broad emission band can be observed in the range of 320-560 nm (direct electron-hole radiative recombination for 320-400 nm, indirect band gap and surface recombination for 400-500 nm, and charge transfer transition of trapped electron in an oxygen vacancy and Ti
3+
defects for 500-560 nm), which is consistent with the previous studies [45] [46] [47] . Although the shape and position of the PL emission peaks are almost identical, the PL intensity of the TiO2 coated wool fibers is lower than those of the N-doped TiO2 coated wool fibers expect for the sample doped with 100g/l of NH4Cl. This is because doping of N into the TiO2 lattice results in the effective quenching of photoluminescence [48] .
It is also observed that the PL intensity of the N-doped TiO2 coated wool fibers gradually decreases with the increase of the amount of NH4Cl at first, and then reaches the lowest value when the amount of NH4Cl is 100 g/l, indicating the low recombination rate of photogenerated electron-hole pairs and the reduction of surface Ti 3+ species, which leads to the high photocatalytic activity [49] . After that, the PL intensity increases with increasing the amount of
NH4Cl. This is due to an increase in the formation of vacancy sites, which can increase the probability of charge recombination [50] . As a result, the N-doping level causes the change in the valence band level of N-doped TiO2, which results from the photocatalytic formation of OH· radicals induced by irradiation with visible light.
Photocatalysis
The photocatalytic activity of the untreated, TiO2 coated and N-doped TiO2 coated wool fibers are characterized by measuring the absorbance of MB solution under both UV and visible light irradiation. The change of normalized C0/C of MB concentration with irradiation time is shown in the Supporting Information S9 (see Figure S4 ). It is evident that the normalized C0/C gradually increases with the increase of irradiation time for all samples under both UV and visible light irradiation.
While the UV rays can decolorize the MB dye to some degree due to UV photo-bleaching [51] , it is found in Figure S4 This might be because there is a greater amount of TiO2 particles coated on the surface of wool fibers. After being irradiated by visible light irradiation for a specific time, it appears in Figure   S4 [51, 52] . Based on the analyses of XPS, DRS and PL, it is concluded that the nitrogen and sulfur anions act as the hole traps, reducing the recombination rate of the hole-electron couples [53] . Moreover, the oxygen deficient sites forming in the grain boundaries are responsible for the visible light response [54] , whilst the presences of nitrogen and sulfur improve the stabilization of these oxygen vacancies [55, 56] .
Self-cleaning performance under the mixture of UV and visible lights
The images of the untreated, TiO2 coated and N-doped TiO2 coated wool fibers stained by red wine before and after irradiation are shown in Figure 6 . It is interesting to note that the Therefore, the self-cleaning ability of the TiO2 coated wool fibers is much better than that of the N-doped TiO2 coated ones under a combination of UV and visible light irradiation.
Conclusions
The N-doped TiO2 nanoparticles have been prepared by using tetrabutyl titanate as the precursor and ammonium chloride as the doping agent in the presence of wool fibers under hydrothermal conditions. The photocatalytic effects have been compared with the wool fibers treated solely using tetrabutyl titanate as the precursor under similar hydrothermal conditions. 
S1. Characterization and measurement
The surface morphologies of the wool fibers before and after treatments were examined by using a field emission scanning electron microscope (FESEM, JEOL JSM-6700).
The X-ray diffraction (XRD) patterns of the fiber samples and as-obtained particles were The composition and chemical states of key elements in the fiber surfaces were obtained by using a Thermo Scientific K-Alpha X-ray photoelectron spectrometer (XPS) system. The fiber A K X-ray source (1486.68 eV, 12 kV, 6 mA) and the vacuum of the analysis chamber was less than 8×10 -6 Pa. All binding energies were calibrated relative to the C1s peak (284.6 eV) from hydrocarbons absorbed on the surface of the samples. The percentage atomic concentration of component elements were obtained from XPS peak areas and peak decomposition which were determined using the Thermo Scientific Avantage Data System. The spectrum was first smoothed by using the Savitsky-Golay algorithm (autoapply changes), and the peak background was then processed by using the smart algorithm, and finally the peak was fitted by using the Gauss-Lorentz mixed algorithm.
The changes of the thermal properties of the wool fibers were investigated by using thermogravimetric (TG) and differential scanning calorimetry (DSC) analyses in a NETZSCH STA 449F3 instrument. The percentage weight change and heat flow with respect to temperature were evaluated from 40°C to 550°C with a 10 o C/min heating rate under a nitrogen atmosphere, respectively. The onset and endset decomposition temperatures and peak decomposition temperature were determined using the attached NETZSCH Proteus Thermal Analysis Software.
The optical properties of the fiber samples were measured by using diffuse reflectance spectroscopy (DRS) in U-3010 spectrophotometer, which was equipped with an integrating sphere (ø150 mm) and barium sulfate (BaSO4). The spectra were recorded at ambient temperature in the 200-800 nm range at a scanning speed of 600 nm/min.
The photoluminescence (PL) spectra of the fiber samples at room temperature were recorded using a Hitachi F-4500 fluorescence spectrophotometer with a 150 W xenon lamp as the light source under photoexcitation at 300 nm.
The photocatalytic degradation of the MB dye in an aqueous solution was performed by using the untreated and treated wool fibers. About 0.4 g of the fiber sample was immersed into 50 ml of a 5 mg/l MB solution, which was placed in a dark box. Every 8 h, the reaction solution was replaced with the same volume of fresh MB solution until the absorbance was kept at 0.467 at max 662 nm. The MB solution was then exposed to a Philips 40W UV lamp with a main wavelength of 254 nm at a distance of 10 cm. The intensity of UV irradiation was The changes of the static and dynamic friction coefficients of the wool fibers against a smooth stainless steel rod surface were evaluated based on the capstan method [S4] by using a Y151 single fiber friction measurement device. A defined weight (W) was fixed at one end of a single fiber sample and the free end of the single fiber was connected to the hook of a torsion balance, which was hung onto the rod perpendicular to the rotation axis of the rod.
The static and dynamic friction coefficients ( s and d) were determined by evaluating the loads imposed on the fiber sample when the cylinder was not rotating and when it was rotating, respectively. The value of either s or d was calculated by equation 3 [S5] .
Where W is the initial weight loaded onto one of the ends of fiber sample and m is the weight recorded on the torsion balance. 
S7. The quantitative XPS data
